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Essentials
• Activated clotting factor X (FXa) acquires fibrinolytic cofactor function after cleavage by plasmin.
• FXa-mediated plasma fibrinolysis is enabled by active site modification blocking a second cleavage.
• FXa-directed oral anticoagulants (DOACs) alter FXa cleavage by plasmin.
• DOACs enhance FX-dependent fibrinolysis and plasmin generation by tissue plasminogen activator.
Abstract. Background: When bound to an anionic phospholipid-containing membrane, activated clotting factor X (FXa) is sequentially cleaved by plasmin from the intact form, FXaa, to FXab and then to Xa33/13. Tissue-type plasminogen activator (t-PA) produces plasmin and is the initiator of fibrinolysis. Both FXab and Xa33/13 enhance t-PA-mediated plasminogen activation. Although stable in experiments using purified proteins, Xa33/13 rapidly loses t-PA cofactor function in plasma. Bypassing this inhibition, covalent modification of the FXaa active site prevents Xa33/13 formation by plasmin, and the persistent FXab enhances plasma fibrinolysis. As the direct oral anticoagulants (DOACs) rivaroxaban and apixaban bind to the FXa active site, we hypothesized that they similarly modulate FXa fibrinolytic function. Methods: DOAC effects on fibrinolysis and the t-PA cofactor function of FXa were studied in patient plasma, normal pooled plasma and purified protein experiments by the use of light scattering, chromogenic assays, and immunoblots. Results: The plasma of patients taking rivaroxaban showed enhanced fibrinolysis correlating with FXab. In normal pooled plasma, the addition of rivaroxaban or apixaban also shortened fibrinolysis times. This was related to the cleavage product, FXab, which increased plasmin production by t-PA. It was confirmed that these results were not caused by DOACs affecting activated FXIII-mediated fibrin crosslinking, clot ultrastructure and thrombin-activatable fibrinolysis inhibitor activation in plasma. Conclusion: The current study suggests a previously unknown effect of DOACs on FXa in addition to their well-documented anticoagulant role. By
Introduction
Positioned at the convergence of the intrinsic and extrinsic branches of coagulation, the activated form of factor X, FXa, is an important target for drug development [1] [2] [3] . FXa is localized to the site of vascular damage by calcium-dependent association with the cofactors activated FV and anionic phospholipid-containing membrane (PL), where it converts prothrombin to thrombin. Thrombin is multifunctional. It catalyzes the conversion of soluble fibrinogen to a fibrin clot, and feedback amplifies coagulation [4] . The clot is also protected by thrombin from premature fibrinolysis by: (i) activation of FXIII, which crosslink-stabilizes the clot [5] ; (ii) activation of the carboxypeptidase thrombin-activatable fibrinolysis inhibitor (TAFI) [4, 6] , which excises C-terminal lysine residues that would normally act as cofactors to enhance fibrinolysis; and (iii) effects on microfibril density and the thickness of fibrin polymers [7] , which, at higher thrombin concentrations, adopt an architecture that is resistant to dissolution. These feedback roles played by thrombin in plasma must be considered when the contributions of upstream proteins, such as FXa, are evaluated, as varying conditions may have effects on the amount of thrombin produced during an experiment. Fibrin is a cofactor for tissue-type plasminogen activator (t-PA), the fibrinolysis initiator [8] , thus localizing its own degradation. t-PA activates plasminogen (Pg) to plasmin, which cleaves fibrin and solubilizes the clot. Unlike most proteases in plasma, t-PA circulates as a functional enzyme, but it requires a protein cofactor to exceed the antifibrinolytic threshold of plasma. To initiate plasmin generation, fibrin has weak inherent binding sites for t-PA and Pg, thus improving the enzyme-substrate encounter. This first phase of plasmin production amplifies the cofactor activity of fibrin by exposing C-terminal lysines that are integral to new t-PA-binding and Pg-binding sites. However, at the supraphysiological concentrations used therapeutically and for most published studies, t-PA may produce plasmin systemically, because it has inherent proteolytic activity. This bypasses the first phase of cofactor activity provided by fibrin to produce the initial plasmin that accelerates fibrinolysis [9] . Given these artificially high t-PA concentrations, it is understandable that the prevailing fibrinolysis model accepts fibrin as the only required t-PA cofactor [10] [11] [12] . However, a role for other cofactors that may participate in the initial production of plasmin has been underinvestigated. Recently, the use of lower t-PA concentrations within the physiological range revealed that FXa and other clotting factors act as auxiliary t-PA cofactors [2, 9, [13] [14] [15] [16] [17] . These are cleaved by plasmin more effectively than fibrin, providing early Cterminal lysine-mediated t-PA enhancement in the context of clotting.
The fibrinolysis cofactor activity of FXa is attained by plasmin treatment or, less efficiently, by autoproteolysis, which first releases a 3-kDa peptide from the C-terminus of intact FXa (FXaa), giving FXab [18] . FXaa and FXab are discernible by denaturing Laemmle electrophoresis, but have identical clotting activity [18] . However, at least two forms of functionally distinct FXab are not distinguishable by electrophoresis, and their formation depends on calcium-mediated binding of FXaa to PL. FXab that binds to Pg and enhances t-PA activity is formed when the starting FXaa is bound to PL (Fig. 1A) . Under these conditions, a second plasminmediated cleavage of FXab yields Xa33/13 [17] , which is also fibrinolytic. In contrast, in the absence of either PL or calcium, the FXab and subsequent Xa40 that are produced do not bind Pg (Fig. 1B) . Unlike FXab, Xa33/13 and Xa40 lack coagulation activity [18] . The fibrinolytic differences in FXab subpopulations may be explained by the differential exposure of C-terminal lysine versus arginine, which precludes electrophoretic detection, owing to proximity.
When evaluated by the use of purified proteins, Xa33/13 enhances t-PA activity more effectively than the precursor FXab [9] . However, as compared with FXab, the t-PA cofactor function of Xa33/13 is rapidly degraded in plasma [2] . We have reported that irreversible modification of the active site with chloromethyl ketones (CMKs) prevents Xa33/13 production (Fig. 1C) , allowing the persistence of t-PA cofactor function in plasma [2] . The current study addresses the hypothesis that, like CMK-modified FXa [2] , direct oral anticoagulants (DOACs) specific for the FXa active site (rivaroxaban and apixaban) enhance fibrinolysis by stabilizing FXab. Interestingly, previous studies have investigated the effects of DOACs on fibrinolysis [19] [20] [21] , and have reported enhanced clot degradation, although differences between thrombin-specific and FXa-specific DOACs were noted. These combined studies support a model in which reduced thrombin production in plasma caused by DOACs attenuated the generation of activated TAFI (TAFIa), making clots more susceptible to fibrinolysis [21] . In these reports, a direct role for FXa in fibrinolysis was not investigated. In the current study, rivaroxaban and apixaban were shown to enhance fibrinolysis by FXa separately from effects on downstream thrombin generation.
Materials and methods

Reagents and proteins
HEPES, polyethylene glycol 8000 and anhydrous dimethylsulfoxide (DMSO) were from Sigma-Aldrich (St Louis, MO, USA). Tetrasodium EDTA was from Thermo Fisher Scientific (Mullica Hill, NJ, USA). Calcium chloride dihydrate was from EMD Chemicals (Etobicoke, ON, Canada). Innovin was from Siemens Healthcare Diagnostic (Oakville, ON, Canada). Human Lys-Pg was from Enzyme Research Laboratories (South Bend, IN, USA). Tween-20 was from Amresco (Solon, OH, USA). Single-chain recombinant t-PA was from Genetech, South San Fransisco, CA, USA). Plasmin and thrombin fluorogenic substrates (BocGlu-Lys-Lys-MCA and Boc-Val-Pro-Arg-MCA, respectively) were from Peptide Institute (Osaka, Japan). The chromogenic substrates H-D-Val-Leu-Lys-pNA (S-2251), Z-D-Arg-Gly-Arg-pNA (S-2765) and H-D-Phe-Pip-ArgpNA (S-2238) were from Chromogenix (Bedford, MA, USA). L-a-phosphatidylcholine and L-a-phosphatidylserine (PCPS) (Avanti Polar Lipids, Alabaster, AL, USA) at a 3 : 1 ratio (PCPS) were used to prepare small unilamellar vesicles [17] . Human FX, potato tuber carboxypeptidase inhibitor (PTCI), a-thrombin and plasmin were from Haematologic Technologies (Essex Junction, VT, USA). Normal pooled plasma and FX-deficient plasma (FXDP) were from Affinity Biologicals (Hamilton, ON, Canada). Primary polyclonal rabbit anti-human fibrinogen antibody was from Dako (Santa Clara, CA, USA). Secondary horseradish peroxidase (HRP)-conjugated goat-anti-rabbit IgG H&L antibody was from Abcam (Toronto, ON, Canada). Primary mouse anti-human FX heavy chain antibody was from Green Mountain Antibodies (Burlington, NJ, USA). Secondary HRP-congugated goat anti-mouse IgG H&L antibody was from Jackson ImmunoResearch (Westgrove, PA, USA).
Rivaroxaban and apixaban preparation
Apixaban (Eliquis; Bristol-Myers Squibb, Montr eal, QC, Canada) and rivaroxaban (Xarelto; Bayer, Mississauga, ON, Canada) tablets were crushed and dissolved in DMSO to obtain 10 mM stock solutions, and centrifuged at 10 000 9 g for 5 min to remove insoluble constituents. An FXa chromogenic activity assay (substrate; S-2765) was conducted to verify DOAC specific activity. Prior to use, the stock DOACs were diluted in HEPES-buffered saline (HBS) containing 0.1% polyethylene glycol. The final concentration of DMSO was the same in all experiments, including controls (0.1%), and is 10-fold below the concentration found to affect fibrinolysis (> 1.0%). DOAC concentrations were based on standard therapeutic doses. For rivaroxaban, 0.57 lM (250 ng mL À1 ), which is the maximum plasma concentration (C max ) reported for patients taking 20 mg daily, was used [21] . For apixaban, the C max is, by convention, 0.44 lM (200 ng mL À1 ) [22] [23] [24] , which is double the C max reported after the first of two daily 5-mg administrations [25] . Higher apixaban concentrations have been noted [19, 26] .
Patient samples
Blood was drawn from consenting patients (University of British Columbia and Canadian Blood Services Research Ethics Boards H11-00084) being treated for atrial fibrillation, which, as compared with other DOAC indications, has minimal effects on hemostasis. This was secondary use of data, and biospecimens were collected for another protocol (University of British Columbia H11-01358). Each patient's rivaroxaban or dabigatran (a thrombinselective DOAC) dose and the time of the last dose were recorded. Blood was collected into 0.109 M sodium citrate tubes (BD Biosciences, San Jose, CA, USA), and platelet-poor plasma was stored in aliquots at À 80°C. Plasma sample concentrations of rivaroxaban and dabigatran were quantified by liquid chromatography and tandem mass spectrometry. Briefly, plasma (50 lL) was mixed with internal standard (rivaroxaban-d4/dabigatrand3; 25 lL), and this was followed by base hydrolysis with 0.2 M NaOH (25 lL) and protein precipitation with 35 mM ZnSO 4 (400 lL) in a 96-well plate. Supernatant (10 lL) was injected onto a C18 HPLC column (LC-20AD, Shimadzu, Chicago, IL, USA), eluted with a 2 mM ammonium acetate/0.1% formic acid/methanol gradient, and analyzed on a SCIEX 5500 QTrap mass spectrometer (Concord, ON, Canada).
Plasma clot lysis
Turbidity assays were similar to those previously described [15] . Here, DOAC or vehicle (including DMSO), t-PA in HBS/0.01% Tween (HBST) and a mixture containing thrombin (10 nM), CaCl 2 (20 mM), and penicillin/streptomycin (1%; Thermofisher Scientific) were added as separate droplets to a 96-well flat-bottomed plate [27] . Unless described otherwise, final concentrations of 0.57 lM rivaroxaban, 0.44 lM apixaban and 30 pM t-PA were used during plasma clot lysis assays. The assay was initiated with normal pooled plasma, or FXDP AE purified human FX (170 nM). The final plasma concentration was 35%. The extent of clot formation and dissolution was monitored at 405 nm with 5-min intervals.
To calculate the area under the curve (absorbance at 405 nm 9 time) with GRAPHPAD PRISM (GraphPad Software, San Diego, CA, USA), an endpoint was chosen at or near completion of clot lysis for the experimental conditions being evaluated, and was consistently used for the respective controls conducted in the absence of DOACs. Individual sets of data were conducted in triplicate (n = 3) or quadruplicate (n = 4) throughout this study and reported as averages.
Plasmin or thrombin activity during fibrinolysis
Cleavage of a plasmin-selective or thrombin-selective fluorogenic substrate was monitored during plasma clot lysis assays [28, 29] . The reactant solution (15 lL of DOAC or buffer, t-PA, thrombin, calcium, and penicillin/streptomycin) was added to a black polystyrene 96-well flat-bottomed plate (Corning, Corning, NY, USA), followed by 5 lL of the plasmin-selective or thrombinselective fluorogenic substrate (Boc-Glu-Lys-Lys-MCA and Boc-Val-Pro-Arg-MCA, respectively). After 3 min, 80 lL of prewarmed plasma was added, and plasmin generation was monitored on a POLARstar OPTIMA plate reader (BMG Labtech, Ortenberg, Germany) for 3 min at 37°C by fluorescence (excitation, 390 nm; emission, 460 nm; 30-s intervals). A standard curve obtained with purified plasmin was produced to derive percentage change.
Fibrin crosslinking
Clots (40 lL) were formed as in the plasma lysis assays, but without t-PA. To each sample, 100 lL of quench solution (50 mM dithiothreitol, 12.5 mM EDTA, 8 M urea) was added, and samples were incubated at 60°C until the clots dissolved. Reduced samples were subjected to 10% polyacrylamide Laemmle electrophoresis, transferred to nitrocellulose membranes, and probed for fibrinogen. After three washes (phosphate-buffered saline/0.01% Tween), secondary antibody was applied, and this was followed by additional washes. Bands were visualized with Clarity Western ECL substrate (Bio-Rad, Rutherford, NJ, USA), and the luminescence was detected on Xray film (Mandel, Guelph, ON, Canada).
Scanning electron microscopy
Plasma clots (100 lL) were formed in 12 9 75-mm polypropylene tubes as above. After 1 h, clots were washed, and fixed in a mixture of 2.5% glutaraldehyde and 4% formaldehyde, dehydrated with increasing concentrations of ethanol (30-100%), and critical-point-dried. Platinum/palladium-coated clots were imaged with a Hitachi (Toronto, ON, Canada) S-4700 field emission scanning electron microscope. For each condition, the diameter of 10 non-superimposed fibers was measured at three constant locations on an overlaid grid with IMAGEJ software. Clot porosity was estimated by converting gray-scale images to a binary format and quantifying black pixels (pores).
FXa fragmentation in plasma
Innovin (8 lL), CaCl 2 (5 mM; 1.5 lL), t-PA in 0.01% HBST (50 nM; 1.5 lL) and HBS (9 lL) were incubated with or without rivaroxaban or apixaban. The reaction was initiated with plasma (10 lL) in a total reaction volume of 30 lL. Separate reactions were evaluated for each time point. To stop the reaction, 10 lL of SDS-Laemmle sample buffer was added for electrophoresis and western blot analysis. Western blots were probed with mouse antihuman FX heavy chain antibody, as previously described [9] . Molecular weight markers (FroggaBio, Toronto, ON, Canada) and purified XaAT, FX, FXa and Xa33/13 were used to identify bands.
Plasmin-mediated fragmentation of FXa
Purified FXa (2 lM), PCPS (300 lM, and CaCl 2 (5 mM) were combined with rivaroxaban or apixaban (FXa/ DOAC ratios of 1 : 5.7 and 1 : 4.4, respectively). As above, rivaroxaban and apixaban final concentrations were 11.4 lM and 8.8 lM, respectively, with 0.2 lM plasmin. At the indicated times, samples were withdrawn and added to Laemmle electrophoresis sample buffer for anti-FX western blot analysis, as previously described [9] .
t-PA-mediated plasmin generation
The effect of FXa AE rivaroxaban or apixaban on t-PAmediated plasmin generation was measured by use of the plasmin-selective chromogenic substrate S2251 (200 lM), as described previously [9] . Samples from the reaction mixture of an identical experiment were removed for anti-FX western blot analysis and [ 125 I]Pg ligand blot analyses, as previously described [9, 13] .
Results
FXab persistence correlates with enhanced fibrinolysis in rivaroxaban-treated patient plasma
To further investigate the prior correlation between FXab stabilization and enhanced fibrinolysis observed in vitro [2] , plasma samples from patients taking DOACs were evaluated. Figure 2A shows that conversion of FXab to Xa33/13 in normal pooled plasma is blocked by the addition of the FXa-specific DOACs rivaroxaban and apixaban, like modification of the FXa active site by CMK. In the plasma of patients treated with the direct thrombin inhibitor dabigatran, the degradation of FXab to Xa33/ 13 was clear (Fig. 2B) . However, consistent with pooled normal plasma supplemented with FXa-specific DOACs ( Fig. 2A) , the production of Xa33/13 in patient plasma treated with rivaroxaban was blocked (Fig. 2C) .
To evaluate the effect of persistent FXab on fibrinolysis, rivaroxaban-treated patient plasma was compared with normal pooled plasma controls. Clot formation in plasma supplemented with t-PA was induced with thrombin and calcium, and fibrinolysis was monitored by changes in turbidity. Figure 2D shows that the time needed to achieve half clot lysis was markedly reduced in the rivaroxaban cohort. Quantification of FXaa and FXab by western blot densitometry revealed an inverse linear correlation to the proportion of FXaa and direct linear correlation to the proportion of FXab (Fig. 2E) . There was no relationship between fibrinolysis and the circulating concentration of DOAC in patient plasma, time to last DOAC dose, patient age or sex, or time to maximal turbidity under the conditions of the fibrinolysis experiment (data not shown).
DOACs enhance normal pooled plasma clot lysis
Clot formation and fibrinolysis in normal pooled plasma was followed as shown in Fig. 2 to investigate the dose dependence of DOACs. When rivaroxaban and apixaban were added at their respective C max values, fibrinolysis was enhanced (Fig. 3A) . Reducing the concentration of rivaroxaban and apixaban to below the C max increased the length of time required for fibrinolysis (Fig. 3B) . This indicated that the concentration of circulating rivaroxaban in patient plasma (Fig. 2) was sufficient to saturate the related mechanism.
To confirm that initiation of clot formation by the addition of purified thrombin was sufficient to outweigh the possibility of thrombin generation during the plasma fibrinolysis experiments, thrombin activity was measured directly by use of a fluorogenic substrate in the presence and absence of various combinations of FXa and DOAC. Figure 3C shows thrombin activity during the clot-generation phase of the fibrinolysis experiments shown in Fig. 3A . As expected, when purified FXa was added in the absence of DOAC (+ FXa), there was increased thrombin activity as compared with addition of only thrombin (-t-PA, -cofactor), or any combination of DOAC in the presence or absence of purified FXa. These fluorogenic data show that DOACs did not affect overall thrombin activity, and are in support of the observed effects on fibrinolysis under the current conditions being attributable to FXa-DOAC interactions.
Inhibition of TAFIa does not affect enhanced fibrinolysis by DOACs
Most anticoagulants have been shown to enhance the rate of fibrinolysis through mechanisms involving reduced activation of TAFI because of restricted thrombin production. Previous work has demonstrated that 2 lM PTCI completely inhibits the activity of TAFIa during thrombininduced clot formation [30] . In the current study, we showed that including 2 lM PTCI in the reaction mixture had no effect on early fibrinolysis in the presence of rivaroxaban and apixaban when clotting was initiated with 10 nM thrombin (Fig. 4) . Enhancement was also seen when the PCTI level was increased to 10 lM (data not shown).
Fibrin crosslinking is not affected by DOACs
To further exclude the possibility of thrombin-mediated effects in fibrinolysis of FXa-directed DOACs, western blotting was conducted to examine fibrin generation and crosslinking. The addition of rivaroxaban or apixaban to either normal plasma or FXDP made no difference to the conversion of fibrinogen to fibrin initiated by purified thrombin (Fig. 5 ). This analysis included the extent of covalent c-chain to c-chain bond formation attributable to FXIIIa activity.
Fibrin fiber diameter and porosity are not altered by DOACs
Thrombin was further ruled out as a potential variable in our experiments by analysis of clot ultrastructure. Clots were formed in normal plasma as in Fig. 3 , with the exclusion of t-PA to minimize dissolution, and analyzed by scanning electron microscopy. Representative electron micrographs are shown in Fig. 6A ; these provide further evidence that there are no significant qualitative differences in fibrin structure that account for the effects of rivaroxaban and apixaban on enhanced fibrinolysis. By use of a grid system, the diameter (Fig. 6B) and porosity (Fig. 6C ) of fibers were quantified. No significant fibrin ultrastructural differences were revealed, confirming that this was not contributing to enhanced fibrinolysis. A similar result was observed in clots induced with 30 nM thrombin in the presence or absence of DOAC (data not shown).
FX is required for DOACs to enhance plasma clot lysis and plasmin generation
Having eliminated confounding roles for TAFI and fibrin structure in the effects on fibrinolysis of rivaroxaban and apixaban, we established the involvement of FX by using FXDP. Clot dissolution was followed with or without addition of purified FX at the physiological concentration (0.17 lM), confirming that FX was required for the fibrinolytic effects of DOACs (Fig. 7A) . Notably, when FXDP is used, premature fibrinolysis has been reported [30] , and this was seen here. To overcome the anticoagulant effects of DOACs on thrombin generation during the experiment, and consequently on fibrinolysis, other studies have adjusted the initiating tissue factor concentration to equalize clotting times between samples [31, 32] . With a similar strategy to compare the fibrinolysis of FXDP with or without purified FX, t-PA was titrated. Quantification of fibrinolysis showed that, at concentrations of t-PA below 25 pM, rivaroxaban and apixaban enhanced fibrinolysis of FXDP, but only when FX was available (Fig. 7B) . The effect of FX was titratable to 0.3 lM (data not shown).
To further understand the mechanism by which DOACs enhance fibrinolysis, a specific fluorogenic substrate was used to measure the amount of plasmin generated during fibrinolysis in FXDP with or without FX, and in normal plasma. The percentage difference in plasmin between the conditions was derived for comparison. Accounting for the enhanced fibrinolysis, the results showed that plasmin generation was increased in an FXdependent manner (Fig. 7C) .
Plasmin generation in the presence of DOACs correlates with altered FXa fragmentation
Experiments with purified t-PA, FXa and Pg were conducted to exclude the possible contributions of ancillary proteins in plasma. The western blot shown in Fig. 8A shows that Xa33/13 is generated in the absence of DOACs, confirming previous findings [9] and supporting those obtained with plasma in the current study (Fig. 2) . The plasma experiments were also consistent with the finding that rivaroxaban or apixaban blocked the conversion of FXab to Xa33/13 when purified proteins were used, with evidence that FXab was, instead, being cleaved to Xa40. In addition to inhibition of Xa33/13 generation, a delay in the conversion of the starting FXaa to FXab was clearly shown at 2 min in the presence of DOACs. The corresponding ligand blot (Fig. 8A) showed preferential binding of [ 125 I]Pg to the 33-kDa component of Xa33/13 as compared with FXab, as previously observed [2, 9, [13] [14] [15] [16] [17] . In the presence of DOACs, however, [
125 I]Pg associated prevalently with FXab, as Xa33/13 was not produced. Newly generated FXab was required for the optimal association with [ 125 I]Pg, which subsequently diminished, as was seen with Xa33/13. This lost function in the presence of DOACs correlated with the appearance of Xa40. Demonstrating specificity (data not shown), the interaction of [
125 I]Pg with FXa fragments was completely inhibited by the C-terminal lysine analog e-aminocaproic acid, as described previously [2, 9, [13] [14] [15] [16] [17] . The same fragmentation profile was obtained when purified FXa was treated with plasmin in the presence of DOACs (Fig. 8B) . Thus, FXa-directed DOACs, like CMKs, alter the cleavage of FXa by plasmin.
CMK-modified FXab is known to enhance plasmin generation in a purified system to an extent that is intermediate between that seen with no addition and that seen with purified FXa [9] . Consistent with this finding, rivaroxaban-treated or apixaban-treated FXa increased t-PA-mediated plasmin generation to a level that was intermediate between that seen with no addition and that seen with FXa in the absence of DOAC (Fig. 8C) . The explanation for the greatest enhancement by FXa without DOACs is that Xa33/13 production is enabled, whereas this is blocked in the presence of DOACs (Fig. 8A) . Insignificant plasmin generation occurred in the absence of t-PA (data not shown).
Discussion
Using patient plasma, normal plasma, and purified proteins, we have shown that rivaroxaban and apixaban enhance fibrinolysis in plasma by preventing the cleavage of FXab to Xa33/13 ( Fig. 1) . Although Xa33/13 has superior t-PA cofactor function to that of FXab in experiments using purified proteins, this Xa33/13 activity is rapidly lost in plasma [2] . The consequent accumulation of FXab in pooled normal plasma supplemented with rivaroxaban or apixaban results in persistent FXa-derived fibrinolytic activity. Thus, in plasma from atrial fibrillation patients being treated with therapeutic rivaroxaban, there was a direct correlation between enhanced fibrinolysis and the conversion of FXaa to FXab. Anticoagulants have been previously shown to accelerate clot dissolution by reducing thrombin production, thereby attenuating the related feedback mechanisms leading to TAFI activation and resistance to fibrinolysis [19] [20] [21] 33] . These variables were circumvented in the current study by overwhelming the thrombin produced during plasma experiments with excess purified thrombin. Here, the involvement of TAFIa was excluded by use of the potent inhibitor PTCI [19, 34] . Similarly, DOACs had no detectable effect on fibrin ultrastructure, including the extent of crosslinking between fibrin subunits, fibrin c-c dimer formation, fiber diameter, and relative porosity. The uniformity of fibrin crosslinking in the presence or absence of DOACs was corroborated by earlier work showing that FXIII activation was unaffected [21] , because sufficient thrombin was generated regardless of the presence of DOACs to facilitate its activation [35] . We also confirmed, by direct thrombin activity measurements, that thrombin produced during the experiment was insignificant as compared with the purified thrombin used to initiate clot formation.
Corroborating the direct role of FXa in rivaroxabanenhanced or apixaban-enhanced plasmin generation by t-PA, fibrinolysis of FXDP was unaffected by DOACs unless purified FX was added. The fact that fibrinolysis of FXDP was hastened even in the absence of DOACs has been reported previously [30] [31] [32] , and we are investigating the basis of this. The increased rate of fibrinolysis in FXDP may additionally involve attenuation of an FXa-inhibitory effect on fibrinolysis, although experiments using purified proteins contradict this possibility [9] . Nevertheless, the high specificity of rivaroxaban and apixaban for FXa, and the exclusion of thrombin feedback, suggest a role for these DOACs in FXa-dependent enhancement of fibrinolysis. Although anticoagulation by FXa-specific and thrombin-specific DOACs is ultimately restricted by diminished thrombin activity, there are noteworthy clinical distinctions (reviewed in [36] ). As compared with the traditional anticoagulant used in atrial fibrillation, i.e. warfarin, the frequency of bleeding events and the incidence of stroke are reduced by apixaban, but not by rivaroxaban [37, 38] . The apparent difference between these is surprising, as they target nearly identical positions within the FXa catalytic site [39, 40] , but it may be attributable to the five-fold higher affinity of apixaban. Interestingly, as compared with the use of warfarin for stroke prevention in patients with atrial fibrillation, apixaban may give a somewhat improved outcome relative to thrombin-specific dabigatran [36, 41] . Analogous thrombin-specific DOACs, i.e. argatroban and dabigatran, had no effect on clot dissolution (data not shown) or FXa fragmentation in our studies, possibly explaining how apixaban may reduce comparative risk. Thus, the enhanced fibrinolysis that is presumably localized by FXa binding to PL (Fig. 1) [9] or directly to fibrin [42] may support the greater safety of apixaban than of dabigatran. This hypothesis does not explain why, in a cross-population post hoc analysis, rivaroxaban caused a higher incidence of major bleeding than did dabigatran In the absence of t-PA, purified FXa was treated with plasmin, in the presence of PL and calcium with or without DOACs. Samples were withdrawn at the indicated times, subjected to SDS-PAGE, and stained with Coomassie Blue. (C) Plasmin production was monitored by S2251 chromogenic substrate hydrolysis in samples from experiments conducted as in (A): FXa (♦); t-PA + FXa + rivaroxaban (▲); t-PA + FXa + apixaban (∎); t-PA + rivaroxaban (Δ); t-PA + apixaban (□); t-PA alone (•). FXa AE DOAC in the absence of t-PA was also evaluated, and found to be at baseline (data not shown). n = 3 AE standard deviation.
when they were compared with warfarin in atrial fibrillation treatment [36, 43] , supporting the need for further investigation, as previously suggested [44] .
The finding that rivaroxaban and apixaban have a role in fibrinolysis may suggest new clinical applications, such as for post-thrombotic syndrome (PTS) [45, 46] . A potential basis for PTS is ineffective clot dissolution with residual vascular scarring [47] , leading to localized chronic inflammation [48] . Although additional studies are required to determine the effects of DOACs versus heparin or warfarin in attenuating PTS, a small population analysis indicated an asscociationt between better clot resolution and reduced PTS [49] . The results presented here suggest that the dual anticoagulant and novel fibrinolytic roles of rivaroxaban and apixaban may underlie this finding, and indicate an added benefit of FXa-specific DOACs. 
